We report the magnetic hardening of CeFe 11 Ti by melt spinning and compare ribbons prepared with and without TiC additions for grain refinement. X-ray diffraction indicates that samples melt-spun at surface wheel speeds between v s = 10 and 35 m/s are multiphased. However, CeFe 11 Ti with a major ThMn 12 -type phase has been successfully obtained either by directly melt spinning at the optimum wheel speed v s = 10 m/s or by annealing the overquenched ribbons melt spun at v s = 35 m/s. To restrain the grain growth during annealing, 3 and 6 at% TiC have been added to the starting ingots, which were subsequently melt spun in the same range of wheel speed. For as-spun samples, adding TiC leads to much finer grains as well as much greater phase separation compared with samples without TiC. However, upon annealing, multiphased TiC added samples can be fully converted to the desired CeFe 11 Ti phase with ThMn 12 type crystal structure together with TiC precipitates. Because of the grain refining effect played by TiC, samples with TiC are subject to less grain growth during the heat treatment, and hence feature an enhanced H ci = 1.3 kOe and energy product (BH) max = 0.87 MGOe that are 18% and 22% higher, respectively, compared with the best annealed samples without TiC.
I. INTRODUCTION
T HE RFe 12−x M x (R = rare-earth elements M = transition metal or metalloid) family of compounds crystallize in the ThMn 12 -type structure (we will refer to them as 1:12 hereafter) and hold potential for permanent magnetic applications. Li and Coey [1] have studied YFe 11 Ti and revealed that it has an easy c axis. Subsequently, Akayama et al. [2] have reported that the easy magnetization direction (EMD) for CeFe 11 Ti is axial with estimated magnetic anisotropy H a = 23 kOe. Within the same year, Pan et al. [3] have confirmed the easy c axis but reported a lesser H a = 15 kOe. In light of these reports and the fact that Ce is the least expensive and underutilized rareearth element, we explored the extrinsic magnetic properties of melt spun CeFe 11 Ti, which have not been reported so far. In our previous investigations on similar CeFe 12−x M x compounds [4] - [6] , we have found that melt spinning is suitable for synthesizing such compounds of 1:12 phase. In this paper, we not only extend the synthesis to CeFe 11 Ti alloy system, but also demonstrate a general route toward optimizing magnetic properties by annealing and adding grain refining agent TiC. oxide. The induction-melted ingots were melt spun at wheel speeds v s = 10-35 m/s thereafter. The details of the induction melting and melt spinning have been described elsewhere [4] , [7] - [10] . For the sake of simplicity in discussion, we will use CeFe 11 Ti + xTiC as the short form for (Ce 1.1 Fe 11 Ti) (100−2x)/13.1 + xTiC in the following paragraphs. X-ray diffraction patterns were collected in a Rigaku Rapid II system from 10°to 60°2θ by using Mo K α as the radiation source. Phase concentration has been analyzed semiquantitatively using the Bruker Diffrac Plus Evaluation software, in which the measured peak intensities I exp are evaluated with respect to the matched phase peak intensities over the intensities of corundum I /I cor . Curie temperature T c was obtained by monitoring the temperature dependence of the magnetic force in a small applied magnetic field by using a Perkin-Elmer System 7 thermogravimetric analyzer (TGA). T c was taken as the point where the magnetic force (i.e., the magnetization) due to 1:12 phase vanishes. Annealing was also performed in the same TGA system by soaking for 5 min at a temperature between 500°C and 900°C. Room temperature demagnetization data were taken on premagnetized powders in a vibrating sample magnetometer (VSM) under an applied field of up to 19 kOe. The microstructure of selected samples has been examined under high-resolution field emission with a Hitachi S-4800 scanning electron microscope (FE-SEM) and FEI Tecnai G2 F20 transmission electron microscope (TEM) with 200 kV accelerating voltage. As-spun and annealed ribbon samples were fractured to reveal a fresh cross-sectional surface and then mounted on the SEM sample holder using carbon tape. Cross-sectional TEM samples were prepared using mechanical wedge polishing techniques followed by ion milling at liquid nitrogen temperature. Fig. 1 shows the X-ray diffraction patterns of CeFe 11 Ti + xTiC melt spun at wheel speed v s = 10 m/s. In our previous 0018-9464 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
II. EXPERIMENT

III. RESULTS AND DISCUSSION
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. In comparison, x = 0 sample melt spun at the same wheel speed without TiC additive has 1:12 phase as the major phase. Similar feature of phase mixtures has also been observed in x = 3 and x = 6 samples melt spun at other wheel speeds.
The magnetic properties are closely related to the phase constitution. Fig. 2 shows the room temperature key magnetic properties of coercivity H ci , remanence B r , magnetization 4πM 19 (magnetization measured at 19 kOe, the maximum applied field), and energy product (BH) max as functions of wheel speed for as-spun samples. In general, H ci , B r , 4πM 19 , and (BH) max decrease with increasing wheel speed. This trend is consistent with our previous findings that higher wheel speed favors the formation of impurity phase Ce 2 Fe 17 and a greater content of impurity phase mixture, which in turn lowers the magnetic properties [4] , [5] . At v s = 10 m/s, x = 3 and x = 6 exhibit higher 4πM 19 but lower H ci and B r , which can be due to the excessive Fe-Ti impurity phase observed in the X-ray diffraction pattern shown in Fig. 1 .
To convert the as-spun multiphased samples into the desired 1:12 phase and improve the extrinsic magnetic properties, a second synthesis approach was proposed by annealing powdered ribbons melt spun at a higher wheel speed v s = 35 m/s. The rationale for choosing high v s as the starting point for annealing is that: 1) a faster quenching rate generates smaller grains, which is needed for developing high H ci and 2) smaller grains would shorten the diffusion length, which facilitates a more rapid annealing process. The evolution of phase concentrations as functions of annealing temperature have been shown in Fig. 3 . As-spun samples with TiC additive have a lower concentration of 1:12 phase compared with x = 0 sample without TiC but the effect of annealing on phase transformation becomes noticeable at 600°C in TiC added samples, about 100°C lower than the sample without TiC. The concentration of 1:12 phase is about the same for all three samples at T a ≥ 800°C and the transformation appears to be completed at 850°C. Fig. 4 shows room temperature magnetic properties of CeFe 11 Ti + xTiC as functions of annealing temperatures. 4πM 19 , H ci , and B r for x = 3 and 6 show a noticeable increase after annealing at T a = 600°C for 5 min, in agreement with the increase of 1:12 phase as shown in Fig. 3 . The optimum T a that yields the largest (BH) max for x = 3 and 6 is 775°C and that for x = 0 is 800°C. The extrinsic magnetic properties are related to both the phase constitution and microstructures. The 2:17 and CeFe 2 have T c values below room temperature and generally act as diluents that weaken the extrinsic magnetic properties. Fe-based impurities are soft magnets with higher magnetization than the 1:12 phase targeted in this paper, which increase 4πM 19 of the composite but are extremely detrimental to H ci . Annealing is effective in converting the impurity phases to the X-ray diffraction patterns of CeFe 11 Ti + xTiC melt spun at v s = 35 m/s and annealed for 5 min at 800°C for x = 0, and at 775°C for x = 3, 6. desired 1:12 phase. However, it also increases the grain size at the same time and the grain growth rate is higher with increasing annealing temperature. Larger grains are more susceptible to magnetic domain reversal under reverse applied field, resulting in lower H ci . Therefore, the interplay between phase and microstructure determines that best magnetic properties were realized in samples containing a fraction of impurity phases but maintaining finer grains compared with those annealed at the temperature required for full conversion. After annealing at 775°C, H ci and (BH) max of x = 3 and 6 have increased over 200% and 800% compared with the values of as-spun samples. Compared with the annealed x = 0 sample without TiC, x = 3 and 6 post 18% enhancement in H ci and 22% enhancement in (BH) max . Fig. 5 shows the X-ray diffraction patterns of the v s = 35 m/s CeFe 11 Ti + xTiC samples annealed for 5 min at 800°C for x = 0, and at 775°C for x = 3, 6. Being consistent with the analysis of phase concentration shown in Fig. 3 , all three samples exhibit 1:12 phase as the major phase. Diffraction profiles among the samples with or without [18] and binary and ternary phase diagrams involving Ce, Fe, Ti, and C, we argue phenomenologically that TiC would solidify first and provides nucleation seeds for the undercooled liquid, making it easier for the liquid melt to crystallize into fine nanograins of 1:12. However, the rapid crystallization of 1:12 phase causes recalescence, which raises the temperature so that local temperature would surge above the phase transition temperature of 1:12 phase. At the same time, the extra Ti associated with TiC lowers the eutectic temperature for Fe-Ti alloy, which makes it more likely to form during the recalescence. The formation of Fe-Ti would deplete the local concentration of Fe and push the stoichiometry toward Ce rich, which facilitates formation of Ce 2 Fe 17 and minor CeFe 2 . Upon annealing, the locally separated multiphases are converted back to the thermodynamically more stable 1:12 phase. The supercooled Ti and C precipitate out at the grain boundaries as TiC, which inhibits excessive grain growth during annealing. Curie temperature measurement on annealed CeFe 11 Ti + xTiC shows the same T c for x = 0, 3, and 6 samples, implying most C must bind to Ti and stay at the grain boundary, rather than dissolved in CeFe 11 Ti grains (Table I) .
IV. CONCLUSION In summary, we have magnetically hardened CeFe 11 Ti by melt spinning. At a low wheel speed of v s = 10 m/s, major 1:12 phase can be obtained in CeFe 11 Ti but not in samples with TiC additives. Adding TiC changed the cooling characteristics of different phases and led to a greater degree of phase separation and higher concentration of impurity phases in as-spun samples. However, these multiphased materials can be successfully converted back to desired 1:12 phase after briefly annealing for 5 min. Therefore, a better route to harness the extrinsic magnetic properties is properly annealing ribbons melt spun at higher wheel speeds. At v s = 35 m/s, samples with TiC additive exhibit finer nanograins both in the as-spun and annealed states. The former could be due to the supply of external nucleation seeds, and the latter is due to the grain growth inhibition from precipitated TiC. The improved microstructure, with the enhanced concentration of 1:12 phase after annealing, makes TiC added samples feature an enhanced H ci = 1.3 kOe and energy product (BH) max = 0.87 MGOe. These values are 18% and 22% higher than the best annealed samples without TiC.
